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Synopsis
Freshwater is one of the most essential requirements for human civilization and rivers are the
most important and easily available source of freshwater. They provide water for various purposes
such as agriculture, industry, domestic and recreational use. Water availability depends upon the
vagaries of weather and climate, and issues related to it arouse considerable interest.
Rivers are a vital component of terrestrial hydrology, which also includes other surface wa-
ter bodies such as lakes and wetlands. They also form a crucial link between the land-ocean-
atmosphere interaction processes as they transport freshwater from land to ocean. The role of
river discharge in the hydrological cycle makes it an important climatic variable.
There are two important issues associated with the large spatio-temporal variability observed
in hydrological variables: first, quantitative estimation of the hydrological variables, and second,
understanding the climatic feedback processes causing this variability. For example, in the vicinity
of the Indian subcontinent, heavy rainfall over northern Bay of Bengal is related to its ability to
remain warm even after the onset of the monsoon: the Arabian Sea cools, but the bay does not.
This difference has been attributed to the stable stratification in the bay, in which water with low
salinity (low density) sits on top of water with high salinity (high density). The source of this
low-salinity water is the copious discharge from rivers like the Ganga and the Brahmaputra and
the rainfall over the bay.
Although rainfall over India is estimated fairly accurately, very little quantitative information
is available on river discharge on the relevant scales. This is primarily due to two reasons: first,
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the dearth of information related to the variables of interest, and second, the lack of a quantitative
framework that can put these variables in perspective. A quantitative framework is needed to
address both these issues. The framework should be simple, freely distributable, scalable and the
demand it makes on the database should be consistent with the availability of data in India and the
other countries in the region.
This study begins with the above premises. An existing hydrological modelling framework
has been modified to simulate the river discharge on the west coast of India. The west coast is also
a region of heavy rainfall; it is one of the two rainfall maxima in the region, the other being the
northeastern Bay of Bengal. The heavy rainfall and the small geographical area of the coast ensure
that a large number of small rivers drain into the eastern Arabian Sea. Therefore, the freshwater
influx into the eastern Arabian Sea is expected to be large, making the region similar to the bay.
Are the feedback processes also the same? We do not know, as there are no quantitative estimates
of river discharge available (except on the global scales, which invariably suffer from poor data
coverage and coarse resolution). A large percentage of west-coast rivers is ungauged or poorly
gauged, making hydrological modelling the only viable tool.
The motivation for this thesis is presented in Chapter 1. The aim of the thesis is to modify
an existing hydrological modelling framework to simulate daily river discharge. We apply the
framework to the Mandovi, a typical west-coast rain-fed river. It has two discharge gauges (one
on the main river and another one on a tributary). Most of the west-coast rainfall (∼ 90%) occurs
during the summer monsoon (June–September). As a consequence, most of the discharge also
occurs during this season, with a peak during July–August.
In Chapter 2, we describe the components of the modelling framework. At the heart of the
framework is a hydrological routing algorithm called THMB (Terrestrial Hydrological Model with
Biogeochemistry; THMB was earlier known as HYDRA), which, given the local rainfall and
evapotranspiration, routes the runoff through the land surface to its destination—the sea or an
inland lake. THMB has been used to model water budget of basins ranging in sizes from a few
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square kilometers to continents. The framework derives the basin geometry, including river-flow
directions and basin area, from a DEM (Digital Elevation Model). The DEM used in this study is
called GLOBE (Global Land One-kilometer Base Elevation), and it has a resolution of ∼ 1 km.
The framework includes a free and open-source geographical information system called GRASS
GIS.
The modelling framework was applied to the Mandovi river to simulate the annual discharge
and simulations were compared with the observations. THMB, when forced with monthly maps
of available spatial rainfall datasets, gave large errors and heavily underestimated the annual dis-
charge. This underestimate implied that the available rainfall datasets underestimate the rainfall
in the region. Hence, we had to obtain rainfall maps by interpolating available rain-gauge data.
The rainfall mapping algorithm has been discussed in Chapter 3. Mapping rainfall on the west
coast is made difficult by the complex mountainous terrain, the large spatial gradients of rainfall,
and the sparsity of rain gauges. Part of the Mandovi basin lies in the Sahyadri mountain ranges
and the basin has only five rain gauges. A multivariate interpolation method (Regularised Spline
with Tension (RST)), using elevation as the third variable, was used for interpolating rainfall. The
method requires locations and heights of the rain gauges, along with a DEM, to obtain the rainfall
maps, and depends upon two interpolation parameters called tension (T ) and smoothing (S). The
optimal values of T and S were determined by a cross-validation procedure. The interpolation
was done separately for the leeward and windward sides by specifying the ridge line a priori.
The resulting spatial fields were merged together to get the rainfall forcing; the simulated annual
discharge compared well with the observations. Specifying the ridge was the key to reducing
underestimation of rainfall.
In THMB, the runoff was calculated as a fixed fraction of rainfall minus evapotranspiration.
This simple partitioning worked well for the annual simulations as discharge does not have any
memory from year to year: it starts from a near-zero value to reach its peak in July–August, and
then slowly recedes to a near-zero level at the end of the calendar year. This approach, however,
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is not adequate for simulations at higher temporal resolutions. The highest temporal resolution
of rainfall data available to us was a day; the daily rainfall was available for the rain gauges.
Hence, our next step was to simulate the daily discharge. On the daily time scale, rainfall, and
hence runoff, shows large variability. To capture this variability, a rainfall-runoff model is re-
quired. To address this issue, a conceptual rainfall-runoff model based on the Soil Conservation
Service Curve-Number (SCS-CN) method was incorporated into THMB. The SCS-CN method,
one of the most popular rainfall-runoff models, was derived empirically from studies done on
small catchments. For each day in a grid cell, given the rainfall and two parameters (CN and
initial abstraction coefficient (λ)) based on the physical characteristics of the basin, this method
converts rainfall into surface runoff and sub-surface runoff. The SCS-CN method provides a refer-
ence value of λ and CN for the basin. For the same rainfall, wet conditions produce more runoff
than dry conditions. This temporal variability in moisture conditions is accounted for in the SCS-
CN method through the antecedent moisture condition (AMC) classes based on the rainfall over
the preceding five days. In Chapter 4, we discuss the incorporation of the SCS-CN method into
THMB and present the daily discharge simulations.
CN and λ depend on the physical characteristics, such as soil type and cover, vegetation cover
and land use, of the basin, and these characteristics are seldom homogeneous over the whole basin.
Apart from the spatial variations encountered in the basin, the soil moisture condition (or AMC)
varies with season. For example, a wet spell in the peak-monsoon season is different from that
in the post-monsoon season. In the first case, almost all the rainfall appears in the river (higher
runoff) as the soil is already saturated with moisture, and in the second case, a part of the rainfall
has to wet the drying soil (lower runoff). Thus, the model parameters have to be a function of both
space and long-term variations or seasons. To resolve the spatio-temporal variability, exhaustive
data sets are required, but were not available. Spatial parameterisation was incorporated using the
limited information available on the physical properties of the basin, and the DEM was used to
divide the basin into four homogeneous regions. An objective method to distinguish the long-term
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moisture regimes was also developed. This method uses rainfall and cumulative rainfall at each
grid cell and defines different states of prevailing moisture conditions, which affect the runoff
generation in the SCS-CN method. The strength of the parametrisation lies in the limited demand
it makes on the input data: apart from some information on the average soil type in the basin,
the parameterisation is built solely on the basis of the rainfall that is used to force the model.
In Chapter 5, we discuss these spatio-temporal parameterisations incorporated into the SCS-CN
method. After introducing these parameterisations, simulated daily discharge compares well with
the observations.
A detailed discussion on the implications of the modelling framework is discussed in Chap-
ter 6. This Chapter also discusses the strengths and caveats of the framework. The biggest strength
of the framework is its low demand on input data, which makes it viable for simulating the dis-
charge of other ungauged basins on the Indian west coast. On the west coast, the inter-river varia-
tions are much less than the intra-annual and interannual discharge variations for a river, implying
that the framework will also work for the other west-coast rivers.
In summary, we develop a modelling framework to simulate river discharge over a range of
scales. The modelling framework is highly scalable, it simulates river discharge, its demand on
input data is minimal. The conclusions of the thesis are summarized in Chapter 7, and the salient
points are presented below.
1. The modelling framework is applied and tested for the Mandovi river. The discharge simu-
lations compare well with the observations on annual to daily timescales.
2. Rainfall is the most important variable in the modelling framework owing to its availabil-
ity and relative accuracy. The complex mountainous terrain of the west coast, the large
gradients of rainfall and small geographical area of the west-coast basins lead to a large
underestimation of rainfall in existing global and regional rainfall datasets. To resolve this
orographic rainfall on the west coast and obtain the rainfall forcing field, a rainfall mapping
Synopsis xvi
algorithm was incorporated into THMB.
3. Resolving spatial and temporal variability in the runoff-generation process, which is param-
eterised by the SCS-CN method, requires exhaustive data on the physical, geographical,
and biological characteristics, which are not available easily. The strength of our method
is that these processes, specially long-term seasonal variation, are parameterised using only
the input rainfall data. For most of the west-coast river basins, the only available data is
the rainfall from the sparse distribution of rain gauges. That the model does not need to be
calibrated separately for each river is important because most of these basins are ungauged.
Hence, though the model has been validated only for the Mandovi, its potential region of
application is considerable for prediction in the several ungauged basins on the Indian west
coast.
